Epidemiological studies suggest that maternal undernutrition, obesity and diabetes during gestation and lactation can all produce obesity in human offspring. Animal models provide a means of assessing the independent consequences of altering the pre-vs postnatal environments on a variety of metabolic, physiological and neuroendocrine functions, which lead to the development of offspring obesity, diabetes, hypertension and hyperlipidemia. During the gestational period, maternal malnutrition, obesity, type 1 and type 2 diabetes, and psychological and pharmacological stressors can all promote offspring obesity. Normal postnatal nutrition can sometimes reduce the adverse effect of some of these prenatal factors, but may also exacerbate the development of obesity and diabetes in offspring of dams that are malnourished during gestation. The genetic background of the individual is also an important determinant of outcome when the perinatal environment is perturbed. Individuals with an obesity-prone genotype are more likely to be adversely affected by factors such as maternal obesity and highfat diets. Many perinatal manipulations are associated with reorganization of the central neural pathways which regulate food intake, energy expenditure and storage in ways that enhance the development of obesity and diabetes in offspring. Both leptin and insulin have strong neurotrophic properties so that an excess or an absence of either of them during the perinatal period may underlie some of these adverse developmental changes. As perinatal manipulations can permanently and adversely alter the systems that regulate energy homeostasis, it behooves us to gain a better understanding of the factors during this period that promote the development of offspring obesity as a means of stemming the tide of the emerging worldwide obesity epidemic.
Introduction
It is now quite clear that we are in the midst of an epidemic of childhood obesity in the developed world. 1 Many explanations for this epidemic have been put forward, but the link between perinatal and childhood events as predisposing factors is compelling. 2, 3 However, none of these human studies offer the ability to control the many variables involved as do the available animal models. Even in animal models, only a few investigators have examined the critical interactions among genes, environment and early pre-and postnatal events in the development of obesity in offspring of obese mothers. Even fewer studies have utilized such models to assess the effect of these interactions on the neural pathways that control energy homeostasis.
Two major models which have been used to assess these important interactions. The first is inbred strains of mice. Several important studies have been carried out in such strains. The studies take advantage of the fact that inbred strains of mice, such as the C56BL6, have a wide divergence in body weight and adiposity, especially when fed a high-fat diet. 4, 5 Building on seminal studies suggesting that perinatal factors might alter an animal's coat color or behavioral phenotype by gene imprinting (epigenetic influences), 6, 7 Koza et al. 5 showed that there were major differences in the expression of genes of Wnt-signaling and tissue re-modeling pathways in adipose tissue in genetically identical obesityprone and -resistant C57BL6 mice. The importance of postnatal factors was further shown by the finding that cross-fostering obesity-and diabetes-prone offspring to dams that were genetically resistant to both could attenuate their diabetes. Also, cross-fostering of resistant offspring to prone dams had the opposite effect. 8 Such studies emphasized the influence of factors in the early postnatal environment on the development of obesity in offspring.
The selectively bred diet-induced obese (DIO) or dietresistant (DR) rat model has also provided a good model for studying gene Â environment interactions. Originally derived from the obesity-prone outbred Charles River Sprague-Dawley strain by selectively breeding for the highest and lowest weight gainers on a moderate-fat (31%), highsucrose-high-energy (HE) diet, these substrains have maintained their DIO and DR phenotypes with 100% fidelity for more than 35 generations. 9, 10 Selectively bred DIO rats overeat and become obese over 3-4 weeks on high-energy diet, whereas DR rats quickly adjust for the increased energy density of the diet and remain lean. 11 Once they become obese, DIO rats defend their higher body weight and adiposity against long periods of energy restriction in that they quickly return to their higher pre-restriction levels when allowed to eat ad libitum, even on low-fat (5%) chow. 12 The similarity to human obesity, B2/3 of which is due to a polygenic mode of inheritance, 13 was established by showing that the DIO phenotype was maintained when DIO males were bred against obesity-resistant Fisher F344 dams to produce the F.DIO strain.
14 Given their known obesity-prone genotypes, the DIO and F.DIO models provide excellent tools for assessing the way in which perinatal and early childhood factors can influence the development of offspring obesity. An important characteristic of the DIO rat is that it is born with central resistance to the anorectic and thermogenic effects of leptin. [15] [16] [17] [18] Thus, when fed a 31% fat diet postweaning, they continue to overeat despite a rapid rise in leptin levels that should inhibit their intake. A number of studies have now shown conclusively that this leptin resistance is because of a reduced number of available leptin receptors in the arcuate nucleus (ARC) and other hypothalamic nuclei. [17] [18] [19] In addition, DIO rats have reduced anorectic responses to central insulin infusions associated with decreased insulin receptors in the ARC before they become obese. 19, 20 Finally, DIO rats also have reduced responsiveness to glucose. 21 Thus, these rats have a raised threshold for sensing and responding to a number of hormonal and metabolic signals from the periphery that should inhibit intake and stimulate thermogenesis as the adipose stores and plasma glucose levels rise. This raised threshold is likely a major pre-disposing cause of their development of obesity on high-fat diets.
An obesogenic maternal environment fosters offspring obesity
Although it is clear that maternal undernutrition can lead to offspring obesity in rodents 22 and humans, 3 maternal overnutrition is the predominant problem in most of the developed world. Feeding a high-fat diet, which produces maternal obesity throughout gestation and lactation, leads to offspring obesity in outbred rats. 23 However, studies in the DIO or DR model show that only in rats with the DIO genotype does maternal obesity predispose to offspring obesity in adulthood, even when those offspring are fed only low-fat diet from weaning. 24 Thus, offspring of obese DIO dams become obese as adults when fed chow from weaning, whereas offspring of obese DR dams do not. However, these same offspring of obese DIO dams are paradoxically protected against becoming obese during the period between weaning and puberty. Although offspring of lean DIO dams are, as expected, resistant to the anorectic and thermogenic effects of leptin at 6 weeks of age, offspring of obese DIO dams do not become obese during this period and have an elevated hypothalamic expression of leptin receptors and almost normal anorectic and thermogenic responses to leptin. 16 Although the reasons for this paradoxical responsiveness are unclear, it suggests that there may be a window of opportunity during this prepubertal period, during which interventions might prevent the later onset of obesity. Perhaps more disturbing than the fact that rats with an obesity-prone genotype become more obese if their mothers are obese is the finding that DR offspring become obese and insulin resistant when fostered to obese (but not lean) DIO dams from the second day of life. 9 This may be related to the finding of extremely low levels of poly-and monounsaturated fatty acids, and very high levels of insulin in the milk of obese DIO dams. 9 These fatty acids are essential for normal brain development 25 and insulin is an important factor in the development of hypothalamic pathways, which, in excess, can cause major abnormalities associated with the development of obesity. 26 
Early-onset exercise prevents obesity
The fact that the brain continues its development well into adolescence and that exercise can increase leptin sensitivity, 27 and the finding that juvenile offspring of obese DIO dams were transiently protected against becoming obese by having increased leptin sensitivity, led us to postulate that early onset exercise might prevent the development of obesity in juvenile DIO pups. In fact, early post-weaning access to running wheels did prevent DIO pups from becoming obese, even when fed high-energy diet. More importantly, only 3 weeks of exercise was sufficient to prevent them from becoming obese for up to 10 weeks (B2-3 years of human life) after the wheels were removed. 28 Such a sustained effect of exercise does not occur in adult rats. 29 Our preliminary data suggest that this sustained obesity resistance was associated with a persistent increase in central leptin sensitivity. Of equal importance was the finding that when sedentary DIO pups on 31% fat diet were energy restricted to match their weights to those of the exercising pups for 6 weeks, they became more obese as adults once they were allowed to eat ad libitum. 28 These studies emphasize the importance of the juvenile period of Synergy of nature and nurture in childhood obesity BE Levin development during which dietary and exercise interventions can have long-lasting effects that alter the development of obesity in obesity-prone individuals.
The brain as the master controller
One important way in which such early interventions can have life-long effects is by influencing the development of neural pathways, which are critical for the control of energy intake, expenditure and storage (energy homeostasis). Such control depends on a constant dialogue between the brain and body. Specialized metabolic sensing neurons that utilize substrates (glucose, fatty acids) and hormones (leptin, insulin, ghrelin) from the periphery to alter their firing rate are organized in a distributed network throughout the brain. This network also receives hard-wired neural inputs from visceral afferents, particularly sensors in the hepatic portal vein and gut. The integrated output of these neurons leads to the behavioral and neurohumoral outputs required to maintain body weight and adiposity within relatively narrow limits in many individuals. One such important feedback loop depends on the production of leptin in fat tissue and insulin from the pancreas in proportion to body adipose stores. 20 Both enter the brain and act as inhibitors of food intake and activators of thermogenesis. A major site of their inhibitory action is on anabolic neuropeptide Y/agoutirelated peptide neurons 30, 31 in the hypothalamic ARC. At the same time, leptin and insulin inhibit the production of proopiomelanocortin, the cleavage product of which, a-melanocyte-stimulating hormone, has important catabolic properties. 32 Importantly, both neuropeptide Y/agoutirelated peptide and proopiomelanocortin neurons are metabolic sensing neurons, which respond to glucose, leptin and insulin. 33 They also are modulated by projections from hindbrain norepinephrine and serotonin neurons. 34, 35 These neurons interact with each other and with target neurons in major neuroendocrine and autonomic output areas of the paraventricular nucleus and lateral hypothalamic area, 36 as well as in way stations involved in motor activity, reward and motivation required for control of energy homeostasis. Although rodents are a reasonable surrogate for studying the development and function of such pathways, they have the disadvantage that their brains, and particularly their hypothalamus, develop in a different temporal pattern than human brains. 36, 37 As opposed to humans, in whom most hypothalamic development is complete at birth, development of critical pathways from the ARC to the paraventricular nucleus and lateral hypothalamic area is not completed in rodents until well into the third week of life. Given this important caveat, rodents still provide a useful model for assessing the interaction between genetic background and the influence of the perinatal and early childhood environments on these pathways and their influence on the development of obesity.
For example, the increased obesity in offspring of DIO dams that are kept obese during gestation and lactation is associated with major developmental abnormalities of the hypothalamic norepinephrine and serotonin pathways. 38 Similarly, the development of obesity in DR offspring fostered to obese DIO dams is associated with a persistent increase in the anabolic peptide agouti-related peptide in the ARC, and decreased expression of both the catabolic leptin and insulin receptors in the ventromedial hypothalamic nucleus that might help drive their increased adiposity. 9 
Conclusion
The use of animal models has provided us with ample evidence that perinatal and early childhood interventions can have long-term effects on the development of obesity, especially in obesity-prone individuals. Although it is likely that many of these interventions can alter the function of both gene expression, through imprinting, and peripheral organ function and structure, there is now good evidence that such interventions also have long-lasting effects on the development, structure and function of the neural pathways involved in the regulation of energy expenditure. Such studies emphasize the importance of identifying factors within the perinatal and early childhood periods that promote and those that inhibit the development of obesity. The hope is that identification of such factors will lead to therapeutic interventions, which will stem the obesity epidemic now sweeping the developed world.
